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The objective of this contract was to establish the feasibility of

studying proteins on surfaces by scannin4 t-inneling microscopy (STH) and

atomic force microscopy (ATM). Amino aci.1s and proteins deposited on highly

oriented pyrolytic graphite (HOPG) were viewed by STH (Appendices A-C). A

preliminary experiment was conducted in the laboratory of Dr. Paul 11ansma,

University of California, Santa Barbara, which demonstrated the observation of

immunoglobulin (IgG) on quartz and micA surfaces. An underwater real time

observation of IgG adsorption on mica (Appendix D) suggests that the process

is not homogeneous. We now have a functioning AFM in our lab - (thanks to the

generosity and assistance of Paul Hansma and co-workers) - dnd protein imaging

studies are in progreos.

Appendix A:

"Scanning Tunneling Microscopic Images of Amino Acids," L. Feng, C-Z Hu, J.D.

Andrade, J.ICrg3Cnn 15 (1988) 811-816.

This paper presented images of amino acids adsorbed on HOPG. The STH

was operated is air. Although individual amino acids were occasionally

observed, the majority of adsorbates were dimers or clusters.

Apppndix R:

"Scanning Tunneling Microscopic Images of Adsorbed Serum Albumirs on HOPG," L.

Feng, C-Z Hu, J.D. Andrade, J. C oIloid Tnterfannaci. 126 (9188) 650-653.

Serum albumin adsorbed on HOPG from buffer solutions was observed by STM

in air. The images show details of subdomains with a resolution of better

than 20 A. The image agrees with the suggested 3-D structure of albumin and

with a recently reported X-ray crystal structure.



"Scanning Tunneling Microdcopy of Proteins on Graphite Surfaces," L. Feng,

J.D. Andrade, C-Z f1u, Seanning Mi roscopy .1 (1989) 399-410.

This paper presents all of the biomolecule STH wok done by our group

through April, 1989. In addition to reviewing the results of the two papers

discussed above, it presents results and images for lysozyme and fibrinogen on

HOPG. The role of substrate binding afflnity, tip-induced deformation, and

motions and pile-up due to scanning processes are briefly discussed.

Apndiv ]I:

"Direct Observations of Ininunoglobulin Adsorption Dynamics Using the Atomic

Force Microscope," J-N Lin, B. Drake, A.S. Lea, P.K. 1lansma, J.D. Andrade,

Langmuir (1989) in press.

The paper presents a portion of the results of an experiment done in

Paul Hansma's labora.ory at the University of California iL Savta Barbara. An

antifluorescyl monoclonal antibody was adsorbed from dilute solution onto

clean mica. The adsorption appeared to result in aggregates or clusters.

Although individual adsorption events (collisions) could be seen, the

molecules were not stable and apparently desorbed readily. This suggests that

we may have to treat IgG adsorption as a highly cooperative, nonrandom

process. Based on this work we proceeded, with the generosity and assistance

of Harisma and his group, to build an AFM in our laboratory, which is now

functioning (as of Dec. 1, 1989).

"Real Time Imaging of Immunoglobulin Adsorption on Mica Using the Atomic Force

Microscope," J-N Lin, B. Drake, A.S. Lea, P.K. Hansma, and J.D. Andrade,

abstract submitted for 16th Annual Meeting of the Saoiety for 8iomaterials,

May 20-23, 1990, Charleston, South Carolina.

Basically the L'ne as Appendix D.
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Scanning tunnelling microscopic imtges of amino acids

by L. FENG, C. Z. HU and J. D. A4DRADE*, Departmrut ,iBwongi.trin.,and Center
for Biopoimtma at Interfaccs, University of Utah, Salt Lake City, Utah 84112, U.S.A.

Y.Ey WORDS. Amino acids, adsorption, graphite, charg,- transfer.

SUMMARY
We present images of amino acids adsorbed on highly orientated pyrolytic graphite (HOPG)

obtained with the scanning tunnelling micrmsope (STM) in air. Individual molecules can be
obscrv-cd although the majority of adsorbates appear to form clusters. In the case of Iucine,
methioninc, and tryptophan, two molecules often associate together to form a dimer. Single or
dimcr glycine molecules were not seen, but a cluster of a number of them was observed. The
various adsorbed states may be related to the different interactions between the amino acids and
the graphite surface. The mechanism of image formation of the amino acids is probably related
to charge transfer mechanisms.

The scanning tunnelling microscope (STM) has been used for studies of a number of organic
and biological substances, including copper phthalocyanine Gimzewski et al. (1987), sorbic
acid, Smith (1987), bacteriophage, Baro e. a!. (1985), DNA, Travaglini et al. (1987) and
Lindsay & Barris (1988), proteins, Dahn et al. (1988), and lipid bilayer, Smith et al. (1987) on
various substrates. The results have indicated that the STM may be applied in biology owing !o
its high resolution, ambient and under-liquid working conditions, and easy operation. Here we
report the STM observation of four amino acids adsorbed on highly orientated pyrolytic
graphite (HOPG).

The STM was provided by the Tunneling Microscope Co. based on the D. Smith design,
Smith (1987). The HOPG, from Union Carbide, was readily peeled with a tape. Tryptophan
(trp) was from Calbiochem-Behring Co. and glycine (gly), leucine (leu), and methionine (met)
were from Sigma Chemical Co. Their chemical structures and planar limensions based on the
CPK atomic models (Ealing Corp.) are shown in Fig. 1. Their aqueous solutions were
prepared by dissolving amino acids in pure water (10 MQ/cm). The concentrations were all 0" 1
mg/ml for the STM measurement. A drop of the solution was placed on a freshly cleaved
HOPG surface for 5 min before the surface was flushed with ultra-pure water for a very short
time. The adsorbed specimens were dried at room temperature and normal pressure for at least
overnight before the image was taken. The STM study was performed in air. Constant height
mode was used as it gave better resolution and less distorted images than the constant current
mode, Smith (1987). In this mode the gap distance is held invariant, and the tunnelling current

"To whom correspondence should be addressed.

© 1988 The Royal Microscopical Society
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- C ngcs .according to the surface contour and composition during x- y scanning of the tip. It is
INR N this change that provides informnation on the 3dsorbed species. The tungsten tip wa-s clctro-

chcmicillv etched in a 2 m KOHI aqueous solution iSmith, 1987). Opcrating parmeters
it ~included 1-2 nA tunnelling current, 0O2-0-8 V bias voltage, and I kHz secan rate in X direction

and I Ilz in V'dictaon. Theiages wcre displayed by: grey-scale oscilloscopeand the pictures
we-re takeni by a CRT cumera.

cu in order to assure that amino acid molecules could be observed under the STM. a relative
litgt amount of trp was deposited on HIIG without flushing. Figure 2sa) shows that there arc
twoi rws Jividing the picture into two parts. WheIin the mign ilcaion was increased to ten
Imc.. tr: Image of the upper left part, Pig. 2(bi is thaicharacristicaofa typical HOPG surface,
The k'wc.r right part, Fig. U11~ shows no graphitic character, howcv-.r. and the surface -AIS\ 1(much tougher. Here the curtrn variation reached S nA during scanning. Since these two

""It pictures were taken under idcntiml corditions and almost siniultaneausly, it Is thought thatit
the rcrtsnttwodiferet urfce tats.The later, [-ig. 2(c) image, should be o h

A adsorbate layecr and the rows in Fig. 2(a) arc presumatbly its edge. Thereforc, amino acids can
change thc tunnelling current and can be detected by the STM. The principle of the.761 has

rp jbeLcn descriWe in detail, H-ansma & Tersoff (1987). Amino acids and proteins have long been
atome mo~ '~ tw ourthought to be semiconductors since charge tranisfer can occur bttween their functional groupsComi moels fo th for Aino with the aid of impurities, such as metal ions or wate-r (Gutmann & Lyons, 1967; jortncr &

Bixon. 198J71; particularly, sorbed water may play a ver-y, important role (Panitz, 1987). Water
could'raise the dielectric constant and thcrefere stabilixc ihe eletron-hole pair. thus increasing
the number of charge carri-rs', -1lej & Leslie, 19631, which would enhance the tunnelling
urrcnt via charge transfer mechanisms.

The maioritv of the imsges showed segregated clusits.'The non-uniform distribution was a
umic observation in these studies. Deqitc their rare occurrence some individual molecules
crc observed and they are ckardy shown in Figs. 3-6 for each of the four amino acids. We

.uggcmt that the bright humps reprosent the amino acid molecules becau-e: ,. the dimensions
at the four species. estimated with reference to the graphitic crystal lattice, agree with those
fromn the molecular models tsee the insertions in cach figure.1, 1'b the 'bright humps' were
frequently observed for the adsorbed samples but similar images w~ere not seen on clean I IOPG

iCtj3;~ j Uo i Fig. 3. Glv image. The inscron5i te oeuar uzbased on CPK models. o the same magnification as the

imge. A number of Sly molecules apparently pack togethcr. The distance in between is about 3 A.
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surfaces or on 2 control sample which had undergone identical sample preparation procedures ACKNOWLEDGME

except for no amino acids; (c) taking pictures of the bright humps proved to be difficult since We thank Prof'

they tended to escape very easily due to their weak interactions with the substrate; (dII Smth forassistan

adsorption from the atmosphere was not given strong consideration because graphite surface donation of the hi'

images were routinely obtained on 'clean' HOPG, even samples used several days after Biopolymers at In

cleavage; (e) hydrocarbon impurities, if any, are not normally seen by STM, Schneir &



STit fmagcs of rmino acids ,I50

I5
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Iianima, 19871; and t1 211 the pictures in this paper are representative of many observation
ev'ents.

It is intercating to took at the molecular packing of the different adsorbates. The simples;amino acid. gly", ormed arravs, each of which contains a number of gly molecules i Fig. 3).
Another ch rtacerisic is the dimer aggregation for both trp and leu (Figs. 4 and 5 1. Dillers
were also observed with met. The dirter or trimer phenomenon was not uncommon except for
Sly. In fact it was very difficult to spot a single separated molecule. such as met in Fig. 6. A
dimer was not a double tip artefact because not everything on the iage was doubled. It is
thought there arc two reasons for the dimcr or multimer formation. Amino acids can form
pairwise 'side-on' associations in their aqueous solutions, Lilley, 1985). The dimer association
may remain intact during the adsorption process. On the other hauid. a single amino acid
molecule does not have a strong interaction with the I IOPG surface. \ithout the association, it
would be quite volatile due to its low molecular weight. This explains its observed mobility
under the STm observation. That is why we often located one single molecule but it soon
disappeared before we could take a picture. Those that were imaged may have adhered to some
sort of surface defect, which could increase adsorbcnt-adsorbate intractions. rhe smaller
amino acids require more intermolecular interactions in order to form a stable adsorbed state. It
is why we only saw gly clusters rather than dimers.fthse "In maiciation at the At this time the possibility of selective adsorption of impurities cannot be completely ruledmcr. The distnce etween he out and further work is necessary, such as scanning tunnelling spectroscopy, (Smith, 1987).
Although we have much more to observe and to learn about electron tunnelling and STMt
analysis of amino acids and larger biomolecules, it is clear that STM offers considerable
potential for surface studies of biomolecules.

)le preparation procedures
)roved to be difficult since ACKNOWLEDGMENTS
I with the substrate; (d) We thank Professor C. F. Quote for stimulating our interest and activity on STM and Dr D.I because graphite surface Smith for assistance with the STM. We also thank Dr Moore of the Union Carbide Corp. for the

used several da's after donation of the highly orientated pyrolytic graphite. This work was funded by the Center for
,cn by STMl, (Schneir & Biopolymers at Interfaces, University of Utah.
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LETTER TO THE EDITOR

Scannig Tunneling Microscopic Images of Adso ed S um AbXKM
on Hg Oriented Pyroly1c Grapte

Human serum albumln mookAes, sorbed on highly oriented Py1M* PWie (IIOPG). hAve
been observed by scanning tunneling microscopy (STM) In &ir Th imw show the detal of sub.
molecular domains as wto as Iiwlua moleules wMti a mowsoutio bete tha 20) 7.Uh observed
domin angment wve ,.ih the: eauii,, siz ad vxn -ture oft albumin, sumsi that Ile dc.
naturadon has occured on HOPK. This work N)ut demoon se th t t direct observation o(bi
molecuesbySTMlaprobabke t4~wte

Scanning tu4nl4 microscopy (TM) hIs enabled devation In dmnaions o(thc atsorNt from thase of
Xidensu to probe sinaruae and toPoray at the AWe the aborve model Pay be eased by slight colla of he
strocm lev. STIM hW beea sucmmuly aplisid to con- AW~ru tnLnhe rthdvlydry aviveam Thm
ducting and semiconducting materials 05.2). Application cylindrical. parallel domains can be otevd. a Captsd
to biomateris, ho*c.e. secms to be a controversial sub- from the mode. suggsting that the surfact denaturation
ject Adore bolical substances aft normaly insaoms is not exten . In additon to domains. some side Ioops
and am jenactrly mobile. Thus they art diScultl to -j" connecting the domains c*n also be seen. The f(t that
by ST.M. Aliholish such difecultics can be ovcrcomc by domains can be distinguis ed means that the resolution
surface costing with conductng materit s(3,4). the dirto is about 10 A. The W l itrions around the usorbed moi
observation f biomsedals is more atractive. as direct ecuks have been identified as bane llOO. In fact, the
observation minimizes artifacu and akes fA# uiru me- iiny ripples along the scanning lin in Fig. 2b am the
suremenu pMsible. A fcw published papen have given corruption of graphitic carbon so'ns. commonly ob-
Imaies of baciteopg MS), DNA (6 7), lIpid Nl .e served by ST.M on HOPO (I). The suriac depression to
(4), and proteins (9, 10) though the Image fornt.on the l"ofeachadsorbedmokculeisconuderedanifu.
mcchanism remains unexplained. Our STM experience cnce of the adsorbed species. Teis arc should actuallybe
suggests thm biological suUsancc; can be sensed by STM, the fat substrate, which can e confirmed by the tistcnce
depending on the type of molecular specie% its adsorbed or the atomic corrugations in that rpon. Similar obser-
state. its hydration dege. the tip shape, the stability of vslons have been reponed (12).
the STN, Instrument. ef. In this report w prtsent two Fiur 2givenfnsononadsorption wel.CC.a n
STM pictures of protein molecules adsorbed on hily carbon matcrias have long been considered to have cx-
oriented pyrolytic grphite (IIOPG). The imaes riveal cellens bl'ompatibility (13, 14). One of the hypothecs
the bes resolution so far achieved by STM on proteins. Is that there is no( much denaturdon of"cins adsorbed
The result unambiguouly Indicates the Ibsibility o(dirmct on s cabon surface. Although HOPO Is not quite the
observation orblomacromolecules with STM. same as those cabon matrials, its adsorbing behavior

Human serum albumin has a concentration of about may sull Imply that this hypothesis is remonable. The aW-
42 g/liter In plama and constitutes 60% of the max of bumin molecules esetially ketW their native state in the
plasmpoteins(ll).tlsssinlepolypepdccuincon. presence of interactions between the asorbate and the
sisting of4 amino ad residues w havinga molecular adsaobent. From this respect it Is worth studying the
weight or about 69.000. Albumin has a strong internal sorption under water In the future.
structure, held firmly together by 17 disulfide bridges. Mg. In summary, we have been able to c.btain STM. images
ure I shows the three-dimensional molecular model. The of albumin and or :u domain structure on HOPO. This
molecular shape is gencially taken as an ellipsoid with work confirms that STM can be employed to study some
dimensions or4o x 140 A.ThcrM amthree donains ,ithin biological substances under certain experimental condi-
the molecule. The domain structure is believei to be a tions, such as for protein adsorption on conducting sub-
cylinder formed by six a-helices (II). strates. We have observed several different proteins de-

The STM images of human albumin are presented in posited on HOPG. We consider that the insae 'onnation
Fig. 2. Fgure 2a shows one adsorbed human albumn mechanism is related to charge transfer processes in the
molecule and some parts of two other molecules on HOPO. protein (15). By the aid of'scanning tunneling spectroscopy
They have diffcrent orientations. The molecular dimen. (STS) (16), STM might become a powrful tool to study
sions are 120 A in length and 60 A in %idth. The slight the electronic properties of proteins.

0021-9797/88 $3.00 650
CopyrisM 0 1911 byAca~mk Pm. Ie.
Al risu om Woducdo in any form tmood. JoxanCdWlodAtdltr[frrScimcr. Vol. 1."6. No 2. December 1955



LETTER TO THlE EDITOR 651

a

FAC. 1. Backbone three-dimensional model of serum albumin. In this model thc wire represents the
peptide backbone and the spheres represent disulfide bridges in the long loops. (a) Side view of the model.
The three domains are antiparallel to one another. (b) Top %icw of the :3mc model. The length is 140A
and the w~idth 40 A for the entire molecule 9 from Ref. (11) by permision or the Riathor).
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Fla. 2. Images or human albumin on HIOPG. The pituic dimensions are 200 Ain the honizontal (x)
and 160 A in the vertical (y) directions. Since the adsorbate has a %-ery iff~erent electronic structure from
the substrate. the height (:directon) could not be directly measured. Both (a) and (b) show several different
molecules. Three domains can be clearly seen (a). The ripples on the raster lines in (b) are the eorrugatiorns
of carbon atoms of the HOPG. The sai,;le was prepared by depositing a droplet ofalbumin (Calbiochem)
in phosphate-buffered saline solution (pll 7.4. 10 ppm aibumin) onto freshly cleaved IIOPG and then the
droplet wa2s removed by capllarity with a tissue. The sample %w then flushed with water for 10 s and was
dried at room temperature for 5 h before observation. The STM was operated in air with a bias voltage of
200 mV. tunneling current of 4 nA. and high feedback gain. The tungsten tip was electrochemically etched
in 2 31f KOH. Constant height mode was used wsith the scanning rates 40 liz n x and 0.05 1-z in y'.
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We applied scanning tunneling Scanning tunneling microscopy (STM)
microscopy (STH) to the observation of is a new and fast growing surface
amino acids and proteins deposited and/or analysis and imaging technique. In the
adsorbed on highly oriented pyrolytic ieven or so years since its invention by
graphite (HOPG). Binnig and Rohrer (Binnig at al.,1982),

Although many questions remain, it STM has been gradually increasing in
Is demonstrated that relatively high popularity in the imaging of conducting
resolution images of uncoatud proteins and semi-conducting surfaces (Binnig and
can often be obtiined in air. le present Rohrer,1985, Quate, 1986, and Hansa and
Images of five amino acids (glycino, Torsoff, 1987). Such rapid progress is
leucine, lysine, methionine and due to the unparalleled capabilities of
tryptophan) and three proteins (lyso:yne, STH compared with other forms of
albumin and fibrinogen) under various mlcroscopy: (11 ultra-high resolution
conditions of deposition and adsorption, down to atomic dimensions, (2) three-
We discuss the role of atfinity of the dimensional images, especially with a
amino acids and proteins to the very high sensitivity in the vertical
substrate, their adsorbed states and direction, (3) a variety of operating
distribution, and STH tip-induced conditions, including vacuum, air and
deformation and/or destruction, even liquids, (4) observation range from

STH studies of adsorbed proteins are to 10-10 m (5) the ability to do
expected to provide useful and even tunneling , (5th p and M
unique Information on .he o:onformatlon tunneling spectroscopy, and (6)
and packing of %he proteins, relatively inexpensive equipment.

The operating principle of STH is
surprisingly simple. When a metal
needle-like probe (tip) is brought close
enough to a conducting surface (1-10
Angstroms), electrons tunnel through the
gap between the tip and the surface under
an appropriate bias voltage, producing a
tunneling current. The tunneling current
is a function of the bias voltage and the
shape of the barrier (related to work
function) and is extremely sensitive to
the gap distance. The tunneling current
is changed by a factor of 10 when the
distance changes just I Angstrom for a
local work function of 4 eV. It is this

MEY =JiDS: Scanning tunnelrq Microscopy, strong distance dependence that is the
Biological applications, Highly oriented reason for STH's high vertical
pyrolytic graphite, Proteins, Amino acids, resolution. When the tip is rastered
Lysoz re, Albumin, Fibrinogen. across the surface using a piemoscanner,

a feedback network adjusts the height of

*Address for correspondence: the tip above the substrate surface to

Departrent of Bioengineering keep the tunneling current constant; this

College of Engineering, University o is called the constant current mode.

Salt Lake City, Unr 84112 Alternately, the change in the tunneling
USA Phon No. 801) 58 9 current can be recorded at a constant tipU.S.A. Phone ]o. (801) 581-4379 height: the constant height mode. In
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both modes a surface topographical ap is The resolution Of STH for protein
obtained (Hanama and Tersoff, 1981), as molecules should be higher than in SEM or
In rigure 1, if the substrate has a a TEM. So long as the substrate conducts
chemically homogeneous surface. Suppose electricLty STH my be employed.
there is an adsorbed molecule on a
conducting surface; L". -may perturb the SI aLp~- n ;.a
ragnitude of the local tunneling current -'% At
ue to a change in Ir:al 1ork function.
.ho molecule is "Laged" through the isted here .. he maor obstacles
change of the loc l current. This is In applying STH e the study of proteins.
the probable mechanism by which an (1) They are, Ir .netral, poor conductors
adsorbate is detected by STH (Panlt=, of electricity -o that they may not
1987 and Spong et al. 1989). Since the significantly alter the tunneling
adsorbate usually does not have the current; (2) they ae relatively soft
identical chemical composition and and flexible 3o that they tend to "smaar
structure as the substrate, the tunneling out" the imaae and lower the resolution
currtnt map does not necessarily because of their mo "ion and relaxation in
represent the same surface topography. the presence of thu tip and the applied

Snce our group has a strong electric field: (3) their molecular
involvement in the study of proteins at structure is often not well characterized
Interfaces (Andrade, 19851, we have a so that image interpretation is
particular interest in applying STH to difficult, and (4) they may have weak
this area. Our rationale is as follows: inter&ctions with the conducting
conventional TEM or SEM generally needs a substrate t, which they are attached so
htgh vacuum system, which often distorts that they are often perturbed or moved by
the protein native state. Often a the moving tip, Nevertheless, many
coating is necessary to Minlmize sample biological as Well as organic substances
charging and to enhance the contrast: in different forms have been observed by
Such coating can easily introduce STM. A few review papers are now
artifacts atd thereby decrease the useful availible (Hansma et al., 1988 and
resolucion. Labeling adsorbed proteins Zasad:inski, 1989).
with heavy metals, such as gol, does not The very first paper of STH Images
givt a 2officiently higil resolution 1.1; of a biological substance, CNA, appeared
the SEN, and It depend* on kabeling in 1983 (Dinnig and Rohrer, 1983),
efficiae.cy and other factors. However, unveiling the possible application of STH
with an in-air-operated STM it is in biology. Bar.) tt al. (1985,1986)
possib. o observe proteins in their reported the surface topography of
hydrated state in a humid environment.It bacteriophage f29 cn graphite There have
is even possible vo see proteins in been a number ,;f papers on imaging
solution with an appropriately designed Langmuir-Blodgett films on different
and constructed STH. Proteins are substrates by SH&, with arachidate on
considered semiconduct:ie in their usual graphite (Smith et al., 1987),
hydrated state (Jortner and Dixon, 19871. dimyr!stoylphosphatic acid on both

Tunneling current

Y Y
Piezoscanne X Piezoscanner x

TipTi

a b

Figure 1. Schematic expression of operating principles of scanning tunneling

microscopy in either the constant current mode and constant height mode.
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7raphLto and gold (orbor et al., 128S),
o-trLcosenoLc and 12,8-diynoic acids (Cd
salt:) on silicon wafer and graphite The substrate was highly oriented
1BrAun o Al., 1988). it :ees thaL with pyrolyzL graphite (IOPG) from Union
such regularly packed structures, rho Carbide. As a routine cubstrate for STH,
4oreuio: are r uch oeazier to iage and aPG is 3 :riemttal and :elatively inert

:=in~ussh and the rsolution is higher r lt ral. Cleaved by an adhesive tape,
:omparoa zo indLv:dua! -r rando mly packed 110PG readily provides a large (1 rm x 1
lecuos. Thacare k5 tr when .aqng ,) clean area with an aromically flat

lIquid crystals IFNoSCe And 7=0r# 1988 plano. Tryptophan (trp) was from
and 3pong CC al., 1989) and TTF-TCNQ Calbiochmi and glycine (gly), leucine
ctystal5 (Sleao=r and Tycko, 1988) (lOu), lysine (lys), and mothionine (met)
Ste.mer tz al. 11997) have managed to were from Sigma. lion lysozyne was from
image biological membranos porin Calbiochem, human serum albumin from
membrane:. Membranes prepared by !:aore- Calbiochem and human fibrinogen from
fracture replica mothods show much rare Calbiochem and Sigqm. The amino acids
etail 0J:eph ot al., 1288). Ztudis of and proteins were dissolved either in

single stranded 0NA have produced 4Itra-pure water (10 Hn/cm) or in pit 7.4
impressivz results. Travaglini ot al. phosphate buffered saline (PBS); amino
(1987) zttrted the study of hare DNA acid concentrations were 0.1 mg/ml and
molocules. Later the same group obtained protein concentrations were from 0.001
i.53e of DNA by means uf conducting film mg/ml (1 ppm) to 0.1 mg/ml (100 ppm). A
coatings -Amrein er al., 1988). Beebe at droplet of the solution was pipetted onto
al.(1989) achieved a similar resolution a newly cleaved IOPG surface, which was
on uncoated double-Ptranded DNA using either promptly removed by capillarity
STM. DNA images under water were (for a deposited sample) or allowed to
obtained by Barns et a1.(1988) and rest for 5 min before being flushed with
Lindsay eot al.(1989). ultra-pure water (for an adsorbed

Few papers have dealt with the ample). All samples were dried at roo,
Aubject of ST observation of proteins. temperature and ambient atmosphere (22"C
ne of the earliest papers in protein STM and 20-50% R.H.).

images was by Dahn et aL.(1986). While Our STM was provided by the
,hei: work was mainly tn bacterial Tunneling -icroscope Co.(Smith, 1987).
:heaths, a globular protein, ovalbumin, TH ttips were prepared by elecrrocnemical
was imaged. The molecules had become etching a tungsten wire, 0.5 mm in
flattened and elongated presumably due to diameter, in a 2 H KOH solution under a
the dehydration. Horber ot al. (1988) 20-30 V a. c. potential. The tips had
studied Concanavalin A embeddfd in a diameter: from 0.1-1 mm at the end as
lipid film. They cloaied that the four measured by TEM. STM was operated in
subunits of Con A might be seen. SimLic'- air; both constant height and constant
Krstic* at al. (1989) recently observed current modes were used. Parameters for
microrubules on graphite fixed in 0.1 a typical constant height mode were 200-
;lutaraldehyde in both free:e dried and 800 mV b:.as voltage (Vb), tips being
hydrated states. Nicrotubules frequently negative with respect to samples, 1-2 nA
3ppeared buckled, semiflattened and/or tunneling current (It), 1 KH scan ratlt
twisted. Collagen strands of 1 5 in x direction and 1 H: in y direction.
Angstroms in diameter on graphite were Parameters for a typical constant current
imaged by Voelker et al.(1988). They mode were 50-400 mV bias voltage, tips
suggested that the periodic spikes-from being negative with respect to samples,
the strand represented pyrrolidine rings 1-4 nA tunneling current, 30 Hz scan rate
of the proline and hydroxyproline amino in x direction and 0.05 H: in y
acid residues. In contrast to the DNA direction. The magnification was
images, proteins on a conducting calibrated by the lattice parameters of
substrate generally show a less defined HOPG substrate. Real-tine images were
structure .nd poorer resolution, processed by a band pass filter to

Since protein adsorption properties minimize high frequency noise, and
play an important role in t he displayed by an oscilloscope. The
applications of biomaerials, we believe pictures were recorded from the
that it is worthwhile to utilize STH to oscilloscope by a CRT camera.
explore the details in conformation and
packing of adsorbed proteins. STH may Rpeu!rg And dgiseggon
also provide information on the
electronic structure of proteins which Amino Aefda (Feng et al., 1988)
will certainly benefit molecular We first studied the amino acids
electronics studies. In the rest of the since they are the simpler building
paper, we will introduce our published blocks of complex proteins. All five
and unpublished STH work on five amino amino acids adsorbed on HOPG were easily
acids and three proteins (Feng et al., seen as aggregates (Figure 2).
1988 and 1989). Adsorbates occupied roughly 5-10% of
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H-CH-CO" 0H3-" H-' C - CH- CO  "  NH -CH"-CKH-C1!2- CH-O Oc

NH NH; NH"

Gly Leu Lys

CH3-S- C - CIX- CH- C00r CF i C- Coo-
NH+ I

HNH
Met Trp

a

Figure 2. (a) Molecular formulas of the five amino acids. (b) - (g) Amino acids
adsorbed from 0.1 mg/ml aqueous solutions on HOPG as aggregates. (b) Gly (Vb - 500 mV,
It - 1 nA, 25 Angstroms/div): (c) One of the humps in (b), 2.5 Angstroms/div; (d) Lys
(Vb - 300 mV, It - 1 nA, 25 Angstroms/div); the white vertical lines are photo defects;
(e) Higher magnification of (d), 2.5 Angstroms/div; the white vertical lines are photo
defects; (f) Met (Vb -800 mV, It - 1 nA, 25 Angstroms/div); (g) Higher magnification
of met (Vb - 300 mV, It - 1.8 nA, 2.5 Angstroms/div). In (c), (e) and (g), individual
molecules can be barely seen. Constant height mode was used.
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total surface, according to a statistical
eatimate with many regions. This value
is much less than that expected from our
radicisotope measurements, which gave
about 801 coveracgc monolayc:
adsorption was asumeOd. The 31:crepany
may be duo to: ill the Presence e1
multilayar adsorbtes wh~u..h r.ad boon
runcatad by the ZT.X zip t~co:o he gap
Ji:tanco was of the order of 1 Angstrom,
(23 loss of ad:orbat s from tht subutrato
when they were impounded by the rigid
tip, and/or (3) incapability of imaging
:on* adsorbates since they did not odify
the tunneling current. Fro= Figure: 2
(W, (a) and (9) one could distinguish a
few single molecules In those clusters.
The appa:ent difference In their siZes is
thought due to their different distancez
to the tip since they were randomly
pcked. More often than note separate
Individual amino acid molecules were hard
to finde presumably due to weak
interactions betteen them and the
substrate. Sometimes a molecule was
spotted but It quickly disappeared ramo
the Image before a picture could be
taken.

Occasionally, a few amino acid
Molecules were caught and imagod with
batt.eL resolutio as in F~gure 3. We
sgest that the bright hurps represent
amino acid molecules tecause: (1) the b
dimensions of the three species,
estImated with reference to the graphite
crystal lattice, agree with those
expected from the molocular models (eo
the insertions in each figure) (2)
"b:lght humps" wore frequently observed
for tnu ad:orbed samples but similar
images were not soen *:n .lcan HOPG
surfaces or on a control sample which had
undargene Identical saple Prepaation
proceduzes except for no am=n actds: 1 33
:aking pictures of the brqht humps
turned cut to be difficult tince thzj -_
tended to escape very easily due to their
weak interactions with the ,ubstrate
(4) adsorption from the atmosphere was
not given strong consideration because
graphite surface images were routinely
obtained on "clean" HOPG even samples
used several days after cleavage; (5) Figure 3. Images of individual amino
hydrocarbon impurities, if any, are not acid molecules with constant height mode.
normally seen by STM, Schneir and The graphite substrate can be seen
Hansma(1987); and (6) all the pictures in underneath. The insertions are the
this paper ar representatives of many molecular si:es based on CPK models of
observation events. Diners cr trimers the same magnification as the images.
are relatively more stable than monomers (a) Gly image (1.9 Angstroms/div in x and
in terms of interactions with the 3.2 Angstroms/div in y), a number of gly
substrate so that they were immobile for molecules apparently pack together; (b)
a sufficient time for producing a Leu image (2.8 Angstroms/div in x and 3.2
photograph. N o diners or even trimers Angscroms/div in y), three lou molecules
could be seen on gly samples because of being seen, two of which are associated
gly's much smaller molecular weight and to form a dimer:; (c) Trp image (3.3
size. Angstroms/div in x and 3.8 Angstroms/div

in y), a diner of two parallel packed
molecules being seen.

403



L. rcng, J.D. Ar.;zrd, &-4 C,. M3

lion egg-white lysozyme is a small
c=rpact protein with -olecular weight of

14,0f0, made up of a single polypeptide
;hain of 129 amino acids. Four
,"ulfide !:ond3 cross-link the rolocule

3nd provide hi;h stability. Lysz:yme his
in ellipsoidal shape, with Jirension of -

45 x 30 x 30 Angstroms .0:ryer, 1986).
£SCA measurement, Figure 4, shows that
lyzozyre has a large affinity for HOPG.
The adsorbed monolayor (the plateau of
the adsorption isotherm) was formed
within 5 min even when the solution
*.ncentratIon was as law a: 0.01 mg/ml,
and virtually no desorption was detacted.

5
;t 4 /

a3

S2 Armoun of mnotyer: 5.5%

0.00 002 004 00G 008 010 0112

Figurn 4. Lya~.ye adsorption isotherm
deaecce! by ESCh (WP 5956C). adsorption
.. ne 5 min at 22C and warer ris 1min.U b

Figure 5. STM4 images of adsorbed
Zn Figure 5(? , adsorbed lyso:zyme i lysotyme on IOPG, adsorption conditions:
bservad by the onstant heilhr mode. 0.1 mg/i concentration, adsorption time

The molecul*s apparently coL;*psed and 5 min at 22 C# and water rinse I min; STM
ergoed into a rough film. The adsorbate conditions: constant height -ode Vb
film was apparently thin enough to have 800 mV, it - 2 nA. (a) ost lysc=yme
avoided being cut through by the STh tip. molecules merged into a rough adsorbed
A very small numer of molecules rermined layer, bar - 40 AngsMtros. (b) In very
roughly of globular shape TFigure 5(b)). few cases globular molecules remained but
But this time their top portions were their top portions were apparently
apparently truncated by the tip. In truncazed by the tip, bar - 40 Angstroms.
order to image the whole molecule, the
constant current mode should be a better
method for molecules with dimensions of
more than several Angstroms.

Figure 6 is the image using the tunneling current sufficiently to provide
constant current mode. Again no response in the gap distance adjustment.
individual molecules are recognizable The latter perhaps dominated since
even with higher magnification. :ompared lysozyme molecules hac high resistivity
with Figure 5(a), this picture shows much and therefore were hardly "seen" by the
rough adsorbates with many "hills" and tip.
"valleys". One of the reasons might be "umgn ar-n xb'uin (Feng et al., 1988)
that the constant current mode tolerated Human serum albumin consists of a
much larger sized objects since the tip single polypeptide chain of 584 amino
tried to go over them. Another possible :cids with a molecular weight of about
reason is that the tip tended to 69,000. Albumin has a strong internal
mechanically push the molecules and piled structure, held firmly together by
them up if they did no: enhance the seventeen disulfide bridges. Figure 7
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liwnsions of the adsorbate from those of
the above model may be caused by slight
:ollapae of the native structure in the
relatively dry air environment. Three
:yl.ndr~cal, parallel domains can be
:bserved, As 4xpected ftrm %he model,
cuqye.ts.. that the surface denaturation

AV na ." eensivi. :n addition to

. ma n: Can also be seen. The fact that
Jomains can be distinguished means that
the resolution is about 10 Angstroms.
The flat regions around the adsorbed

*molecules have been identified as bare
HoPG. 1n fact, the tiny ripples along
the scanning lines In Figure Sib) are the
:orrugation of graphitic carbon atoms,
zo.monly observed by STm on lOPG. The

Figure 4. STH images 1100 Angstroms/div) surface depression to the left of each
of adsorbed lysox-nme on MOPG, adsorption adsorbed molecule is due to the delayed
conditions: 0.1 miml concentration, tIme response of the tip, which was
adsorption time 5 min &t 22#C, and water scanning from right to left. Figure S

rinse Iv an: STH conditions: constant gives Information on adsorption as well.The albumin molecules essentially
:urrent node, Vb - 0 mV, t -. l hA. ,maintained a nearly native state in the

presence of Interactions between the
adsorbate and the adsorbent. There has
been little apparent denaturation.

shows the :hree-dimensional molecular WRam *-iy
1 

*A
model (tBawn And Shociley, 9S2). The The Importance cf fibrinogen
moleCultr :hap* 1: ?enea.10y Taken as 3n adsortilon to the understand!na of the
tl1!IPso.'d with 4Lmn.n: 1 ; x Itlaz-=-pat' b '''y rf aterIals and the

Antr:. Thre : ~ ~~ -zltculel: unique thret-nzdula: structure
with!" ~ ~ 1.0mic.O he domain :ut is to obseve it with STIM.

: ruzturt is betleve - tz e a :y1inder Fibrinogen is a big p:otein with
formed by six a-helices. This structure -olecular weight of 341,000. From the
has ncw etn Partially :nin"-med by the rolecua: nodel in Figure r(a), we see
re~ent x-ray crystal - analysis that its dimensions are approximately 450
Carter et: al., :9191. Angst:ems in lenth and 65 Angstroms in

The Z:M images zt hu-an albumin are dIamete: (WillIas, 1981). Although we
presen:ed in Figure 8 altzhjz they have never succeeded in i=aging an intact
ceen to -ropte-t. Figure I(a Ib:!ncgen =olecjle, :t t.rned iuz that
:hows : ne a*:orbted human albumin molecule we have ended -p with nuch more
3nd scme rzrts f tw '-. ecues cm 1nfc rmatcn about STM itzelf.
HOPG. They have iffarent :rientations. Fi7u:e 9(b) displays a typical
The olecular 1Imens&on n rt 120 fibrinogen molecule. whl:h 1coks lIke a
%ngst:-=s *n length and 6: Angstroms in ":lab". Referring to Ftqure (&), one
width. The slight deviation in realizes that the macromolecule observed

Figure 7. Backbone 3 dimensional
model of serum albumin. In this
model the wire represents the
peptide backbone and the spheres
represent disulfide bridges in the
lzn9 !cops. The three domains are
antiparalle! ;o one another. The
length is 140 Angstroms and the
width 40 Anastroms for the entire
molecule (from Brown and Shockley,
1982 by permission of the author).
See reference.
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a

b

F~ure . : Jaes of huan a~bumin on
HorG. The p~ct.re diens.ons are 20
A9qtroms .:% h-r,.ntal txI ano 100
Anstfams .n the -ertical ty? 4 rec'icns.
Since the adsorrate has a 1ery !fferent
e*ectronic Structure from the suostrate.
the height 1: direction) could not be
directly Measured. Both (a) An* (b) show
several different molecules. Three
domains can be clouly soon Is). The C
ripples on the castes lines in hIb are
the corrugations of carbon atoms of the
HOPG. The sample was prepared by route 9. (40 A fibrinogen moleular

depositing a droplet of albumin Pas model from Williams (191); the globular
soluticn (10 ppm albumnn onto freshly domains at both ends my be elongated 190

.leaved H.PG and then the I.oplet Was x 40 Angstroms). (b) A typical fibrinoqen
removed, b Capil;araty Wvth % tssue. Molecule observed by STM on HOPG
The saple was then f.uhe1 wtf water (deposited from a 20 ppm aqueous
!or 0zec and was il ed %t :00= solution), constant current, Vb - 200 AV,
temperature for 5 h bet:oe -.rervation. it - I nA# :00 Angstroms/div. (c) An

The STM was cperated at a bias voltaye of imaoe of 1 separated domains of a
200 mVn t-nneina current of ; nA and fibrinogen molecule which originally was
high feedback gain. The constant cjrrent a similar slab as the one in (a),
=ode was zzed. constant current, Vb - 200 .V, :t - 1.5

A, :00 Angstromsidiv. The picture was
taken when thc trace of water on the
sample just disappeared.
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In F 9gue (b) d been 2o *Vtre*lY been fractured such that the domains wer#
itforned that it had lost Its key no longer in an axis but rather randomly
characterlstics. WhIl* its length scattered.
eamned relatively unchanged Its width The "slabs* certainly were not part

*xparkdd to 400 f:rC 65 angstrs and Its of the substrate, as might be suggested,
htight was reduced % atout 15 fran 65 zince they were quite mobile on the
A:zr:=. 'Me Aorq -I-drsblt T:%ng is :ubstrate. The whole procestj is
..At 1. ... 0 Uo hw~ -re~ nalnt Illustrated In Figure 10. A single

tureU Tr-C- tne wa~ 4:. thet molecule did not have sufficient
ilecular dim4nsions, reaser ilt to inzeraction with the substrate HOPG to
uccoso that the tip ha* heavily immobIl:e Itself. As we mentioned

squettd, dtpr esstd, and thus distorted before, owing to some degree of
the fibrinogen molecule. Although mechanical contact, the tip was driving
ibrlinogen has a large Poltcular site, It fibrinogen molecules around and they kept

appears to not sutficitntly Inecsse cht moving until many of then packed
neling current. Thus, te zip could together, which Increased their mutual

not discern this huq =olecule because At Interaction. This sort of dynamic
2ud;d the surfact norphology by sensIng process was observed with several
the local tunneling current rather than different samples.
atomic or molecular topography. Note Although a few indLvidual molecules
Figure 1(c). the picture started with a were imaged, the majority of the STH
'slabo at the center. A momnent later the images showed aggregates of fibrinogen
"slab" suddenly burst Into three *caps", molecules, as In Figure 11, in which thi)
probably representing the thrtt deformed !owtr left hand flat region was the NOG
node-lk. domns. ThIs could occu substrate. In spite of our attempt to

because this sample was just barely dried create the conditions favoring the
so the molecule was softer and less formation of separate molecults, their
adhered and/or denatured. Te linking distribution seems to have nothing to do
Chains between the domains had apparently with the methods of preparation of

d
Figure 10. A dyna ic process of fibrinogen molecules on HOPG# constant current, Vb
200 mV, it - 3 nA, 100 Angsrrcms/div. (a)-(c) recorded the motion and (d) illustrates
the entire process.
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(2) Amino ocLds are adsorbed both of
a9revates and as Individual mclecules.
Single molecules 4fe apt to escape under
the STH tip since their interactions with
t e substrate &re weak.

#D) .(tn t"-vnite lyoz-e undergoes
% i.-t.onal :hant apor. adsorption
andtor S".. v.tuiL:atLon.

04) The hh9. resolution !=ages o.
human &lb,4nr. show great promise for STIO
applications to protein adsorption.

(f5 The $TM tip may deform human
fibrinogen due to mechanical coatact.
becase of Its large molecular site and
poor conductiLvity.

(f) ribrinogen molecu)l can moe
over zhe substrate, driven by the tip,

.sAn edge of adsorbed using them to pile up into clusters.

fibrino4tn aggregate. whose area& was k ,-
large. than I a I mm. The lower left
hAnded flat region wes the WOP substrate We thank Dr. A. Moore, the Union
10eposited from a 5 ppm PAS solution, Carbide Corp., for a gift of NOWO. We
:onstant Currents . - 00 V, :t A , especially thank or. C. Qute, Stanford
.00 Arostromstdlv). U., for stimulating our interest and

Aiding our STM work on proteins. The
images of lysoxyme obtained in Quate's
Lab in rebruary, 1017 (unpublished)
tncourayod us to apply STh to %he study

;hethr ,r , t wattr :.1.z., an, ,,.7," - t :inter for 1iopolyser at
:w Rctratwn :.-terfaces, A State of Utah Center of

..Jstc hai I..... Zxclej"ence, supporzed the work. Partial
$pected shat t.e " ..s l'en ani support was also provided by the Office

Filed up selreyatt4d zolocuts inlto of Naval Research (OWR) contract "00014-
:Uusters. lut whs tim e we have more 31-0415 (. lascom. . :P .
tontidence tn This Sesi. n, 3l We
have *Vod#Az* .f 5uo A .47nSAI: proctss.

Although -ere *s no 4 N bhn that
protein Mool ls can t -b t cln a - mr--it Fegh sLak A. yrzsa ,oil

:Adqgt!A*~ ~~ ~ Vj:15# ; 4 IP*1411

eIeron c Z haxtcs ifet o s r. tneln ic rp ,Vr I 3-

~e~ in~u1Adscrced 4t. hoQw *o .0 tct ... 1~t
:tproducny Tbtal. osILar sis, wits Andrade .2 311) Incirts c

,. ... what indit ions an waotted protein :.-. : n . oict and
molecule ca.be unambiguously observed. Uethrisclta "E.:snn c!B edcal
A number of important questilons have to : pp.-. a: Yr.pp.
be Answered: What i's the mechanism of

is&" formation of such poorly conductive 
Bahr A, Tiranda T Alaian J. Garcia

Substances? What role do the tip *. innlp Go Rohrer H, raerbor Cho
geometry and surface chemistry play? Carracosa 3L (1653 Determination of
what Is the major Interaction betc*.- the surface topography of biological
tip and a protein molecule: mechanical or specimens at high resolution by scanning
electronic? what effects does the tun ni -ng microscopy Nature - , 253-
:onductins substrate impost, such *a its -54.
'tormation, tlectron denuit-o -etc? what Sato *'# xuranda s, :arr4scosa JL
is the role zi Sanpit h~'draz1on or water 11516) APP",.on :: tiology and
sorption? We Are co ntinuinq to Address %ehz:7Z :.ht ST:1-in l -..-nntlinq9
these qUestlinx. !!iCrzs::.pe vperated I.n ai*r 3% ambient

pressure ZEN .1. Pez. rev'elozcm.nc 2.2.

23rrtz !!, )nipp~na L,# indsay S.4
Cur S~T work cn proteins adsorbed on ?s:qahar3 L, Thunda: T (1?98 Images of

H*OPG can te summarized az !z11zws: :::A frV~enza in an aqueouz environment
(1) Both 3A14Po ao.ds ard proteins wy scinn -:Unnelina rlcrcscCopy

:an be seen by --11 -znder :*rtzin -21cpoly.--erSz2,:-EE
conditions despite some di!!cuJl.ies. Beebe -,P, Wilson TE, :;letree DF,

406



i1Istudles cf prozcins

Nast jZ, Balhorn RB, Salmeron MB, Joseph ANI, Zasad:inskl. J, Schneir J,
Siekhaus WJ (1989) Direct cb:erwaLion Curley J, Elingm ' Hansma PK (1988)
of native DflA structures wich the Sctnning tunneling microscopy of freeze-
scanning tunneling micro5copt Science fracture :aplicao of blomembranes
ZA, 370-372. Science 21..# 1013-1015.

5inn 9 , Fohrar H 1983) Lindsgy SH, Thundat T, Lagahara L,
Scanning zunnocpy. In: Knipping U, Ri1 RL (1989) images of
,zends in Physic:. :An-A j and the DJA double helix in wator Science
Panatof1.:ok fd:.), poan Fhy:ical Ui, 1063-1064.
Eacitty, Pett-Lancy, p ,p.38- tanzt: JA (1967) Electron tunneling
46. used as a probe of protein adsorption at

Binnlcj G, Rohrer P (1985) The Interfaces. In: Proceins ac incer£Aces.
scanning tunneling microscope Sciencific Brash J and Horbett T (eds.), Amer,
Me rcin .4, 50-56. Chom. Soc., Washington, DC# pp. 423-433.

Sinniq G, Rohrer It, Garber Cho Quote CF (1986) Vacuum tunneling: a
Weibel & (1952) Surface studies by now technique for microscopy Phys.
:cannn9 tunneling micrazcapy Phys. ?oday Aug., 26-33.
Rev. Lv... A,57-62. Schneir J, HLinsma PK (1987) Scanning

Braun HG, Fuchs H, $chrepp W (1988) tunneling microscopy and lithography of
Surface atzuczure investigation of solid surfaces covered with nonpolar
Langmiur-3lodgetc films Thin Solid liquids angmuir 1,3 1025-1027.
Films '%o 301-314. Simic'-Krstict Y, Kelley H,

Brown JR, Shockley P (1982) Serum Schneiker C, Xrasovich M, HcCuskey R,
albumin: structure and cha-acceri:ation Xoruga D, Hameroff S (1989) Scanning
of its ligand binding SitUs. Zn: Lipid- tunneling microscopy (STH) of
procein inceraccions. Jost PC, Griffith microtubuies PASE Journal, in press.
OH (eds.), Vol. 1, Wiley, New York, pp. Sleator T, Tycko R (1988) Obser-
25-68. vation of inoividual organic molecales at

Carter CC, He X., Munson S., Twigg a crystal surface with use of a fcanning
PO Gernert KM, Broom .', Miller TY tunneling microscope Phys Aw'. LetC.
(1969) Three-dimensonal :tructure of n, 1116-1421.
h-.an serum albumin $clonco, 241, 1195- 1lmith DPE, Bryant A, Ouate CF,
1198. RCbe Jh, Gerber Ch, Swaler. JD (1987)

Dahn DC, Watanabe 1O, Blackfocd B1, ZImjes of a lipid bilayer at molecular
Jericho Mil, Beveridge Tit (1988) S^M resolution by scanning tunneling
imaging of biological structures J. microscopy Proc. INael. Acad. Soi. USA
t4c. 7c. Technol. A 4, !38-552. 21, 969-972.

Fang L, flu CZ, Andrade jD (1989) Smith DPE (1987) 1New cpplications
Scanning tunneling microscopic images of of scanning tunneling microscopy Ph 0
amino acids J. Microscopy 3-.2?, 811- dissertation, Stanford University,
816. Stanford, CA.

Feng L, Hu CZ, Andrado jD (1988) Spong 3K, Mi:os HA, LaComb 1, Dovek
Scanning tunneling microscopic images of M', Frommer JE, Foster JS (1989)
adsorbed serum albumin on highly oriented Contrast mechanism for resolving organic
pyrolyti: graphite J. Colloid Xncerface molecules with tunneling microscopy
.re. 1Z:, 650-653. rature ._1, 137-139.

Foster JS, Frommer JE (1938) Stemmer A, Rechelt R, Engel A,
imagirg of liquid crystals using a Rosenbusch JR, Ringger H, Hidber HR,
tunneling microscope tIacure Mfl, 542- Guntherodt HJ (1987) scanning
545. tunneling and scanning transmission

Hansma PK, Tersoff 1 (1987) electron microscopy of biological
Scanning tunneling microscopy J. Appi. membranes Surface Scl. 11, 394-402.
Phys. il, R1-R23. Stryer L (1988) In: Biochemistry.

'na PK, Clings VB, Marti O, 3rd edition, Freeman, New York, p. 203.
Br. CE (1988) Scanning tunneling Travaglini Gt Rohrer H, 'mrein H,
mi opy and atomic force microscopy: Gross H (1987) Scanning tunneling
appitcation to biology and technology microscopy on biological matter
Science 242, 209-216. Surface So!. 1I., 380-390.

Horber JXH, Lang CA, Hansch TW, Voelker MA, Hameroff SR, He JD,
Heckl WH, Mohwald H (1988) Scanning Dereniak EL, McCuskey RS, Schneiker CW,
tunneling microscopy of lipid films and Chvapil TA, Bell TS, Weiss LB (1988)
embedded bicmolecules Chen. Phys. Lecc. STM imaging of molecular collagen and
.5, 151-158. phospholipid membranes J. Microscopy

Jortner J, Bixon M(1987) Charge 152, 557-566.
exchange between ocalized sites. In: Williams RC (1981) Morphology of
Provein Structure. Austin R (ed.), bovine fibrinogen monomers and fibrin
Springer-Verlag, New York, pp. 277-308. oligomers J. Hel. Biol. 15R, 399.

Zasadzinski JAN (1989) Scanning

409



L. F "., 4.D. Md~rade, and C.22. INu

tunneling minroscopy with applications
to biological surfaces. 5IoTechnlques
2, 174-187.

Z ~i : af you 2.-va a Possible
*xplanatI.*n of %he znduztzo= nach~nl=m
:f UNa studied potun:?

vrI: At the present time, there is no
general theory which can explain the
contract mechanism of STM images of
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Abstract

Atomic force microscopic Images of a murine antifluorescyl

monocional antibody (lgG 4-4-20) depositing from solution onto

freshly cleaved mica were observed In real time. These Images

clearly Indicate a cooperative adsorption process, not a random

one. Only IgG aggregates formed stable deposits, whereas isolated

molecules desorbed readily from the surface. Subsequent

adsorption occurred adjacent to the aggregates, forming ridges and

eventually a near monolayer was produced. Additional layers

deposit only after the initial monolayer adsorption was nearly

complete. Desorptlon of the IgG molecules In a distilled water

medium was not observed.

Introduction

Some of the more common methods1 to study proteins at interfaces are

radiolabelling, ellipsometry, total internal reflectance fluorescence (TIRF),

infrared (IR), Raman, and X-ray photoelectron (XPS) spectroscopies, and

scanning electron microscopy (SEM). While each of these techniques is

capable of providing critical information regarding the adsorbed species, tIhis

information is actually a measure of the average properties of all the adscorbod

proteins in a micron sized (or greater) area. No technique is available with

L



which to characterize Individual adsorbed proteins. In addition, SEM and XPS

are normally used In a vacuum environment which Is radically different from an

aqueous one in which protein adsorption is occurring. So, the Information may

not be representative of the actual events. The.atomic force microscope (AFM),

however, can be operated In an aqueous environment and is capable of

providing real time images of protein adsorption with a resolution sufficient to

see individual molecules.

The AFM 2 can be used to obtain atomic scale images of surfaces 3-7. The

surface to be imaged is mounted onto a (xyz) piezoelectric crystal and is

rastered boneath a sharp tip attached to a cantilever. The tip rides across the

surface and the forces between the surface and the tip cause deflection of the

cantilever. This deflection can be monitored using a scanning tunneling tip2,3 or

more easily, It can be monitored by movement of a laser beam that is reflected

off the back of the cantilever 8.9. Since the cantilever is sensitive to the

intermolecular forces between the tip and the surface, the sample need not be a

conductor to be imaged. Images have not only been obtained from graphite 3-5

and metals6, but also from semiconductors 4.7 and insulating polymers10 -12.

Magnetic fields 13 and charged regions in materials 14 have been imaged as

well. More detailed reviews of the AFM theory are presented by Marti et al. and

Hansma et al.15,16.

The AFM has already been used to image surfaces in an aqueous

environment 17. Underwater Images of crystalline mica and polyalanine on mica

have been obtained. One advantage of using water as a scanning medium is

the minimization of general adhesion forces that result between the tip and the

surface18. Such forces dominate the interaction between the tip and the sample

and prohibits the possibility of obtaining high-resolution images. In addition,

scanning surfaces in aqueous environments enables one to realistically image



biological systems. The AFM can obtain new images within a few seconds and

can therefore monitor biological processes in real time. Recently, Hansma et

al.17 were able to follow the formation of a polymerized fibrin network on a mica

surface by adding thrombin to a solution of fibrinogen. These images showed

fibrin oligomers aggregating to form a single polymer strand. Formation of

additional strands occurred adjacent to first.

This paper discusses the images obtained from the adsorption of a

murine anii-fluorescyl monoclonal Immunoglobulin G (4-4-20 IgG2 (K) )19 from

solution onto clean mica surfaces. This protein was chosen because it Is easily

crystallized and has self-aggregating properties. We hoped that some unique

ordering upon adsorption to the mica surface might occur and, If so, this

ordering could be imaged with the AFM. We felt that desorption could be

observed as well.

Methods
=W The AFM experimental apparatus has already been described and can

be found elsewhere 16. Movement of the microfabricated cantilever20 is

detected by the positioning of a laser light beam that has reflected off the back

of the cantilever and is detected by a pair of photodiodes. The AFM images are

continuously recorded on video tape for later review. A flow cell has been set-

up across the surface of the mica that allows rapid exchange of the fluid.

Mica (Asheville-Schoonmaker) was affixed to the piezoelectric crystal

stage and cleaved in situ. The flow cell was constructed around the stage and

distilled water was injected onto the mica surface. The microcantilever was

advanced until the force between the tip and the surface approximated 10-9 N.

The mica was then imaged continuously in the feedback mode with a scan area

of 1800 A by 1800 A and a constant scan speed of 16 msec/line.



The AFM tip was retracted from the mica surface and a solution of 18

pig/mL IgG 4-4-20 (a gift from J. N. Herron) in phosphate buffered saline (pH 7.4)

was injected into the flow cell. The tip was advanced to the mica surface which

was then imaged continuously in the feedback mode over a scan area of 1800

A by 1800 A. After 4 minutes, the scan area was increased to 4500 A by 4500 A

(full scale). After another 1 1/2 minutes, the AFM was switched to variable force

mode for the remainder of the imaging.21 The adsorption process was Imaged

continuously for 40 minutes. During this time, the scan area was decreased to

1800 A by 1800 A, to 900 A by 900 A, and then returned to full scale.

Immediately after the 40 minute IgG adsorption, the tip was retracted and

the flow cell was flushed with distilled water. The surface was scanned for 10

minutes at full scale, at 1800 A by 1800 A, and then at 900 A by 900 A.

Results

The image obtained of the mica surface underwater is flat and

featureless Indicating a pristine surface.

Within the first two minutes after injection of the IgG into the flow cell, a

continuously growing aggregate was observed in the lower right-hand corner of

the screen. This image was obtained in feedback mode and had dimensions of

1800 A by 1800 A. This aggregate appeared on top of the featureless mica

background. After five minutes, the scan area was increased to 4500 A by 4500

A and 'ridges' appeared (A). The AFM was then switched to variable force mode

(B) and and the same image appeared (different contrast) indicating that either

mode could be used. As time progressed, it was clear how the adsorption was

taking place. Molecules that landed adjacent to these ridges would adhore

resulting in two-dimensional growth in the plane of the surface (C). Yet most*

molecules that landed by themselves would desorb readiiy as evidenced by the

disappearance of these isolated molecules. The size of these molecules



roughly matched the known size of an IgG molecule. The deposited lgG

appeared as mounds and subsequent frames showed smearing of these

images.

The ridges continued to spread (D,E) along the surface until a monolayer

covered the surface of the mica. Although It is difficult to obtain accurate height

dimension In variable force mode, the monolayer thickness was approximated

at 50 A, which is consistent with the dimensions of an IgG molecule. Near the

end of the monolayer formation, a second layer started to appear. This second

layer arose from many different sites on the first layer since protein interactions

could occur from anywhere on the surface (F). Upon growth of the second layer,

most IgG molecules that deposited would adhere, but then smear, suggestive of

a rapid conformational change.

After the water flush, the surface exhibited altered features, but there was

no evidence that IgG desorption was taking place.

Discussion

The observations of deposited IgG on the surface appearing only as

aggregates and of individual mounds rapidly desorbing from the surface are

suggestive of lateral interactions occurring between the adjacent IgG

molecules, which appear to be impoitant for formation of a stable protein layer.

These lateral interactions are not unexpected, since this protein has some self-

aggregating properties. What is Interesting is the necessity of lateral Interactions

for adherence to the surface. Perhaps, an IgG molecule by itself can only get a

toe-hold on the surface at first and can be desorbed easily. Once it has multiple

holds with the surface and neighboring molecules, the probability of desorption

decreases significantly1 . This would explain the phenomena we observed here.

This argument is also supported by the observation of a second IgG layer

arising from many different areas on the monolayer surface. Here, the deposited
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IgG can arise from any number of places, since interactions can occur from

anywhere on the monolayer surface. Prior to this experiment, a protein

adsorption isotherm on mica was obtained using 125 -labelled IgG. The

Isotherm showed Langmuir-like behavior and at a concentration of 18 gig/mL,

the mica surface was only 40% covered (less than a monolayer).

After the water flush, IgG desorption was not observed. Perhaps,

desorption was slower than the observation time (minutes) due to the strength

of interaction between the adjacent IgG molecules. Previous data has shown22

that IgG does desorb from a silica surface, but that study was performed using

polyclonal IgG and may behave differently from the present system,

Certainly, these observations were not solely a consequence of simple

adsorption phenomena. A number of times, protein mounds would be displaced

parallel to the rapid scanning direction only to be returned to its original position

upon subsequent images. It is clear that the tip of the probe is 'massaging' or
"J" pushing the molecules on the surface. The extent to which this occurs, however,

is not known and any conclusions can only be made keeping this in mind. For

example, maybe the formation of aggregates results from the probe pushing the

molecules over to a small cluster of molecules. The probe may not be able to

displace this cluster laterally because of the strength of interaction it has with

the surface and can only 'hop' over it. In this manner, the probe may behave as

a gathering device which sweeps the molecules into piles. This phenomena

may explain the discrepancy between the AFM images and the isotherm data.

In addition, the desorption of individual molecules from the surface may be a

result of tip interaction. Thus, the probe may sweep these molecules of' the

surface as well.

The authors would like to emphasize that this experiment is a preliminary

one done at one protein concentration. The effect of concentration on the



adsorption pattern is yet unknown, but is the subject of ongoing tudles.

Furthermore, the issue of protein adsorption on the probe itself was not

addressed here. This issue is Important and merits further detailed study and

consideration.

Conclusion

Using an atomic force microscope, real time imaging of IgG deposition on

flat mica was accomplished. While IgG adsorption may occur anywhere on the

surface, only those molecules with sufficient lateral Interactions had the

capability to remain on the surface. Isolated molecules desorb readily. A second

layer could be observed after 35 minutes of adsorption. It was hoped that

unique ordering of the IgG on the surface could be visible, but this was not

evident. Although, restructuring of the surface had occurred in the desorption

experiment, desorption was not conclusive.

While it is exciting that individual molecules could occasionally be seen,

it Is not clear how much the probe affects molecular conformation. When more

sensitive cantilevers and more sophisticated detection systems are developed,

it may be possible to operate the AFM using forces of 10 -10 to 10-11 N and

image biomolecules unperturbed by the probe.
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Image A. Feedback image of 18 pg/mL IgG 4-4-20 in PBS on clean mica after

5 minutes. Note the formation of aggregate 'ridges'. The scan area is 4500 A by

4500 A.

Image B. Variable force mode image of 18 pg/mL IgG 4-4-20 In PBS on clean

mica after 5 1/2 minutes. The ridges are now resolved better. The scan area is

4500 A by 4500 A.

Images C,D,E. Variable force mode images of 18 pg/mL lgG 4-4-20 in PBS

on clean mica. Times of adsorption are 15, 17 1/2, and 20 minutes. Growth of

the monolayer centers about the ridges and proceeds until a near monolayer is

formed. The scan areas are 4500 A by 4500 A.

Image F. Variable force mode image of 18 pg/mL IgG 4-4-20 in PBS on clean

mica. Adsorption time is 37 minutes. After a near complete monolayer is formed,

a second layer begins to deposit. The scan area is 4500 A by 4500 A.
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REAL TIE PAIK4 OFP EW~jLOOQ A 0OATE
ION WCA UM fE AY~C FOMMCXXP

,IN. Un. U. 0rak41. A.S. Los. P.K. 1-ansaral. and J.0. Arasde

O~t. ot ftoenointerlo. Ccnit lot Diopollymers at Initefaces. University ot Utah
Salt tlek City, Utah 04 112 V-$A

I here are a nunte of meqthods to study this Adsorption of

proteins At Inltr fces Incltuding radiolabitlnlg, scanning
toclion microscopy. and a vaity of speciroscoplc
tchniquels, The problem with thrlse methods Is that It Is not

possible to Image the molecular arrangement of adsorbed
molecules, lot alone Individual molecules or' a surface.
Furthermoret, some of these tchniqlues can not monitor the
adeorplion events In real tme or In an aquous environmentl.
The orkent of te atom force microscope (AFM) has enabled
researchers to monitreel time processes In an aquieou
onvlronmel. Reconitly the AFM community at UCSO was abe
t* Iiage the adsorption and polymeriztion of fibritogen an
mica demonsituting thit potential of the AFM for obseting
biologia ptocesses.1

WI'h an Invilation to use the AFM instrumentation at
UCS8, those of us at Utah decided to study t adsorpion of a
monoclonal igG (4.4.20) an mica. 2 This protein was chosen
becuseo it Is easily crystallizable and was lterfore expectd L±~~j Variable force mode Image of 18 mg/mt. igG 4.4-20
to display nonrtandom adsorption. fit PUS5 adsorbing on mica allt 5 112 rninut~s. Scan area Is

Mtftds 4500 A by 4500 A. Note formation of idges'.
Mica was attached onto the plezoeiectirlc crystal and a

fresh surface was produced by cleaving 1aLtu. A flow cell41
was erected around the mica and distilled wait was
fntorced Tnhe AiezMletri ante is advranced t h

Introduce. The ditollet wate was advhaned ilthe 1N. imags of the mica surface were thus obtained. Alter tpr
mg/mt. solution of igG (4.4.201 In phosphate butferad

Waine (pH 7.4). Images obtained showed the progresslin of a
igG adsorption dynamics. IgG desorpion In' distilled water wasF r
Rmls and 01scuilfoin

Images were obtained In both feedback and variable force
modes over a typical scan area of 4SOO A by 4500 A. The
Image of the mica was featureless Indicating a flat, Oigin -
surface. a

Images from the IgG solution experiment showed
adsorption was a cooperallves process. The first kmages were lmagL.2~ Variable force mode Image ofIS mg/mL lgG 4-A-20
obtained I loodbadk mode and showed a growing 196 aggregate. In PUS adsorbing on mice alter 20 minutes. Scan are Is
The scan area here was 1800 A by 1800o A. Aflev 5 minutes 4500 A by 4500 A. A monolayer Is nearing completion.
from the Ime of proiqhi addition, the scan area was Increased
to 1500 A by 4500 A and rIldges' appeared. The scanning BAlatamn
mod# was switched! to variable force mode and the same Image I1) 8. Drnae. C.8. Prafer, A.L. Welsenhorn. S.A.G. Gould. T.R.
appeared. Rarely were Isolated molecules seen and those that Albrecht. C.F. Ouste. OS. Cannell. H.G. Ilansara, P.K. Hansma.
were observed disappeared by the next Image (5 seconds ScJj3cf243 1586 (1989).
later). Yet, those that landed adjacent 1o the ridges adhered 2 ) J.N. Lin. 0. Drake. A.S. Lea. P.K Hansma. J.D. Andrade,
resulting In growth In the plane of the surface. These Langmul. submitted for publication Sept. 1989.
observations Indicate that lateral Interactions are necessary 3 ) A.L. Gibson. J. N. Noton. X.M. Ho. V.A. Patrick. M.L.
for a stable protein layer on mica. rhe adsorbed layer Mason. J.N. Uin. O.M. Kranz, E.W. Voss. Jr.. A.S. Edmundson.
continued to grow In two dimensions producing a near Pogn 5 18)
complete monoliar at 20 minutes. At 30 minutes. a second Emels315(98)
igG iayer depositing on the monolayer becomes visible. No This work supported by the Centor for Biopolymers at
desorption of the igG layer in distilled waler was observed, Interfaces, NIH Grant HL 37046 and the Office of Naval
even after 10 minutes. perhaps due to the strength of lateral Research.
Interaction..

Since Individual 196 molecules were not observed In these t~ept. of Physics. University of Catifronia
Images, we are now trying to obtain Images of an easity Santa Barbara. California 93106 USA
crystallizable 1gM penlamer. Due to Its symmetry and larger
size, we hope to be able to see Individual molecules.
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